The temperature dependence of grain boundary mobility is complex, varied, and rarely fits ideal Arrhenius behavior. This work presents a series of case studies of planar grain boundaries in a model FCC system that were previously demonstrated to exhibit a variety of temperature-dependent mobility behaviors. It is demonstrated that characterization of the mobility versus temperature plots is not sufficient to predict the atomic motion mechanism of the grain boundaries. Herein, the temperature-dependent motion and atomistic motion mechanisms of planar grain boundaries are driven by a synthetic, orientationdependent, driving force. The systems studied include CSL boundaries with R values of 5, 7, and 15, including both symmetric and asymmetric boundaries. These boundaries represent a range of temperature-dependent trends including thermally activated, antithermal, and roughening behaviors. Examining the atomic-level motion mechanisms of the thermally activated boundaries reveals that each involves a complex shuffle, and at least one atom that changes the plane it resides on. The motion mechanism of the antithermal boundary is qualitatively different and involves an in-plane coordinated shuffle that rotates atoms about a fixed atom lying on a point in the coincident site lattice. This provides a mechanistic reason for the observed high mobility, even at low temperatures, which is due to the low activation energy needed for such motion. However, it will be demonstrated that this mechanism is not universal, or even common, to other boundaries exhibiting non-thermally activated motion. This work concludes that no single atomic motion mechanism is sufficient to explain the existence of non-thermally activated boundary motion.
Introduction
The properties of materials are well-known to often depend strongly on the grain microstructure of the material. As such, the understanding and prediction of the evolution of the grain structure is a central problem in materials science. While qualitative features of the mesoscale evolution of grain structures can be determined with simple assumptions about grain boundary energy and mobility, quantitative predictions require a detailed understanding of how these fundamental interfacial properties depend on the boundary geometry, temperature, impurities, and alloying. Atomistic investigations of grain boundary motion have much potential to inform mesoscale models of grain growth and microstructure evolution and replace assumed functional forms of quantities such as mobility and energy with physically meaningful values. Recent work conducted to describe grain boundary energy [3, 26, 32] and mobility [27] as a function of misorientation has brought the difficulty of the task into focus. As demonstrated by Homer et al. [12] , the temperature dependence of grain boundary motion is complex, varied, and often deviates from the common assumption of Arrhenius kinetics. Some boundaries even undergo athermal or antithermal motion. The importance of such processes in a variety of physical phenomena has been explored by Cantwell et al. [4] . This study extends the work of Homer et al. [12] , to a larger temperature range and investigates, at a structural level, the origin of the observed mobility differences. Monitoring the motion of the boundaries at the atomic scale can illuminate the mechanistic reasons for the observed temperature-dependent behavior.
Before discussing the temperature dependence of boundary mobility, and how it is related to atomistic motion mechanisms, it is useful to survey the current state of understanding of grain boundary motion. Many of the boundaries discussed in published reviews (e.g., Refs. [40] , Ch. 9 and [9] , Sect. 3.8) regarding atomistic motion of grain boundaries focus on tilt grain boundaries at which all motion occurs in a plane. Admittedly, this is partially due to ease of visualization and limitations of microscopy for determining position along the line of sight; this is particularly relevant in transmission electron microscopy where all detail through the sample thickness is projected onto a plane. As such, boundaries studied experimentally usually involve tilt boundaries with motion occurring in a single plane where motion is well described by planar 'kite' structures classified via the structural unit description [41] [42] [43] . Boundary motion in such cases is often described in terms of the glide and climb of interfacial dislocations [see [40] , Ch. 9.2] and has much experimental work to back up the claim (e.g., observations in boundaries vicinal to the R5 boundary in Au was reported by Ref. [1] ). Some grain boundaries, particularly highangle boundaries, can grow by a coordinated shuffle of atoms [30] which has been observed directly in experiments [2, 21] and predicted by models [16, 33, 34] .
However, there are other grain boundaries, particularly highly misoriented ones, that are categorized as diffuse or disordered. Sutton and Balluffi [40] , Ch. 9 defined a diffuse interface as one where the dislocation cores are spread out over a region many atoms thick. In such a case, motion is assumed to occur as an uncoordinated shuffle mechanism that is reminiscent of a diffusive process. Such diffuse interfaces have inspired other interpretations of their structure in which they are construed as having the structure of a glass or a liquid [50, 53] , particularly in the case of nanocrystalline materials [28] . Compelling evidence for these mechanisms has been provided by observations of a melting transition at a critical temperature which drastically changes boundary mobility [23] along with other work describing the motion of liquid-like interfaces as a process of melting and solidification of material from the shrinking to growing grain [35] .
Whether understood as an ordered array of kites, a disordered solid, a liquid, or spread-out dislocation cores, the temperature dependence of the mobility of such boundaries is described, and their atomistic motion mechanism is inferred from the assumption that boundary motion is governed by Arrhenius kinetics. This assumption posits that a dominant activation energy (even if dependent on temperature or driving force [49] ) is adequate to describe their behavior, at least over some range of conditions. An example of utilizing this assumption was made in interpreting the results of a series of experiments performed by Molodov et al. [24] on crystallographically equivalent R7 tilt grain boundaries in Al. The activation energy was found to be dependent upon the direction of applied stress, and it was inferred that multiple motion mechanisms may be possible for a single boundary. However, no further evidence was provided for the assertion. Admittedly, basing the motion mechanism on the activation energy is a simplification [4] which may be explicitly stated when discussing the matter (see [9] , Sect. 3.8). However, the assumption is very common and serves as a tractable way to incorporate the results from atomistic models and experiments into higher lengthscale microstructure evolution models.
One fundamental challenge to understanding the grain boundary motion mechanism through Arrhenius kinetics, at least for the boundaries examined in this work, is that at high temperature (above approximately 0:64 T m ) the mobility often deviates from Arrhenius behavior. The observation of antithermal behavior is not novel [4] . Both convex and concave Arrhenius plots are observed in the high temperature regime, although models of non-Arrhenius kinetics in the literature are rare. Truhlar and Kohen [44] noted the presence of concave and convex curves and explain them using the Tolman interpretation. When deviation from Arrhenius kinetics occurs, it is usually because the rate increases with increasing temperature, producing a concave curve. However, less common circumstances can generate convex curves when the rate decreases with increasing temperature such as observed in the case of R7h1 1 1i boundaries in Al [22] . Convex Arrhenius plots of grain boundary mobility in non-coincident site lattice boundaries have been observed in molecular dynamics simulations. In that case, the mobility was found to follow Vogel-Fulcher dynamics which is regularly seen in glasses above the glass transition temperature [53] and lends credence to the representation of high-angle disordered grain boundaries as being, effectively, glasses [28, 50, 53] . Disordering at high temperature may be responsible for a phenomenon noticed by Homer et al. [12] , whose simulations indicated the possible convergence of mobilities near the melting temperature for many different classes of temperature-dependent mobility.
The purpose of this study is to elucidate the temperature-dependent grain boundary motion mechanisms of boundaries exhibiting thermally activated, antithermal, and two types of roughening behavior as classified by Homer et al. [12] . Thermally activated behavior is characterized as having temperature-dependent mobility which can be described by Arrhenius-like kinetics. Boundaries which undergo roughening transitions are characterized by a sudden transition from a mobile to immobile boundary at a given temperature referred to as a roughening temperature. The temperature-dependent roughening behavior is a second-order phase transition observed in faceting boundaries, where such transitions are characterized by the disappearance of facets with increasing temperature [51] . In non-faceting boundaries, a second type of roughening behavior may occur and was referred to as dynamic roughening by Homer et al. [12] . The dynamic roughening transition was originally characterized as a discontinuous change in the slope of mobility with respect to temperature. However, similar behavior is seen with respect to both applied driving force [25, 31, 47] and system size [31] . Antithermal behavior is characterized by a decreasing mobility with increasing temperature and will represent the larger category of non-thermally activated (athermal) motion. Such extremely high mobility boundaries needing little activation energy could be a mechanism that contributes to abnormal grain growth.
There is considerable debate as to the origin of nonarrhenius kinetics, but one experimentally characterized mechanism known to generate this behavior is the presence of facets in grain boundaries [9] , Sect. 3.5.7. Athermal grain boundary migration is related to the motion of faceted low energy boundaries via the propagation of steps [see [9] , Sect. 3.8] (or secondary grain boundary dislocations [10] ) in a glissile manner [1, 5, 17, 30, 39] . Straumal et al. [36] observed that the motion of the tip of a twin plate exhibited strongly non-Arrhenius kinetics in a range of temperatures which were found to generate facets. Further investigations of triple junction migration in Zn also showed that unreasonably high values of apparent activation enthalpy result from the formation of facets [37] . In the absence of dislocations or facets, this work, along with experiments [2, 21] and models of high-angle twist boundaries [16, 34] , indicate that a collective shuffle of atoms is responsible for moving atoms from one grain to another at rapidly migrating interfaces. Another possibility for the origin of non-Arrhenius kinetics is that the motion mechanism may change with temperature. Such behavior was suggested by Homer et al. [12] for the motion of a R5 ð2 1 1Þ=ð2 1 1Þ boundary (analyzed in detail in this work). Convincing evidence for the presence of two different motion mechanisms comes from the modeling of Ulomek and Mohles [47] who examined the motion of a R7h1 1 1i tilt J Mater Sci (2016) 51:6607-6623 boundary in Al driven by a synthetic driving force similar to the one used herein. The mechanisms operated sequentially, with a long-range diffusion of a few atoms initiating a coordinated shuffle. Both mechanisms were active at all temperatures and driving forces examined, but had different regimes where either coordinated shuffling or the long-range motion was the rate limiting step.
There are a number of techniques employed in molecular dynamics models to drive the motion of grain boundaries including: grain boundary curvature, application of shear stress, synthetic driving forces [15, 48] , statistical fluctuation-based methods, and capillarity driven motion. All techniques mentioned are reviewed in Refs. [14, 20] . The boundaries investigated herein are driven by a synthetic driving force, which permits the investigation of the motion of planar boundaries with a fixed boundary misorientation and inclination [15] . There has been considerable debate in the literature regarding how or whether the nature of the driving force effects the calculated mobility [19, 20, 31] , particularly since the velocity may be a non-linear function of the driving force [17, 52] which may give the impression that the (intrinsic) mobility changes with driving force. However, multiple studies directly comparing different types of synthetic driving forces to shear driven boundary motion find the same mobility in each case [6, 20, 25] . Further, it has been demonstrated by Coleman et al. [6] that neither the application or magnitude of a synthetic driving force changed the atomic motion mechanism, nor did the synthetic driving force significantly change the magnitude of nudged-elastic band derived barriers to motion for the case of a R37ð570Þh0 0 1i symmetric tilt boundary (which undergoes dynamic roughening). However, the driving forces used might be large enough to be in a regime where mobility is not dependent on driving force or weakly dependent. That the relationship of driving force to mobility has been observed to change with temperature and magnitude of applied driving force was indicated by recent molecular dynamics studies of boundaries above and below their roughening temperatures [31, 47] . Boundaries exhibiting roughening tend to grow via the nucleation and growth of islands [31] , or less well-defined regions of the boundary that advance separately from the rest of the boundary [47] . Deng and Schuh [7] observed non-Arrhenius kinetics varying with temperature in work conducted using a biased random-walk technique with a driving force in the same range as experiments.
Methodology
A sampling of boundaries was chosen from a database of 388 grain boundaries originally created by Olmsted et al. [26, 27] , with their temperature-dependent properties initially investigated by Homer et al. [12] . The boundaries analyzed herein were chosen to represent a wide range of temperaturedependent behavior.
Molecular dynamics simulations were conducted with the LAMMPS package [29] using the embedded atom method potential for nickel developed by Foiles and Hoyt [8] . The zero temperature bicrystals (intended for studying the growth of the left-end grain at the expense of the right-end grain) were those generated by Olmsted et al. Although it was observed that the mobility of some boundaries are dependent on the growth direction, in this work, we wish to focus on the difference in motion mechanism at different temperatures rather than correlate grain boundary mobility with boundary structure as has been extensively investigated in the literature. The atoms within 10 Å of the left and right ends of the sample were fixed with their force in the x-direction, normal to the interface plane, set equal to zero to prevent rigid body translation of the system. The atomic coordinates were scaled to the appropriate temperature and equilibrated for 120 ps, where a NVE ensemble was employed with a Langevin thermostat applied to the atoms between the end-caps. A time step of 1 fs was used throughout this study.
The boundary was driven by the orientation-dependent driving force of Janssens et al. [15] , as implemented within LAMMPS. A synthetic potential parameter of u 0 ¼ 0:025 eV atom À1 was added and orientation parameter cutoffs of n l ¼ 0:25 and n h ¼ 0:75 were chosen. The simulations were allowed to run for 400 ps, or until the boundary reached the end of the sample. The effective driving pressure was calculated via thermodynamic integration using the technique outlined by Olmsted et al. [27] . Thermodynamic integration was performed along the path from u 0 ¼ 0:0 to 0.025 eV atom À1 at a fixed temperature for each boundary orientation and plane of contact. The free energy difference between the left and right grains is calculated from the difference between the free energy of each grain at u 0 ¼ 0:025 and 0.0 eV atom À1 . For use in calculating mobility, the free energy is scaled by the volume of the sample so that it may be thought of as a pressure acting on the grain boundary.
Since the boundaries were independently initialized and annealed before application of the driving force, there is some variation in the measured velocity of the boundary. Consequently, five separate runs were conducted to obtain an average velocity. The position of the grain boundary was defined as the region having the overall average value of the orientation parameter as calculated by the orientation-dependent driving force in a manner consistent with Ref. [27] . The average value of the orientation parameter at each search position was determined by linearly weighting the value of the orientation parameter of atoms located within two lattice constants of the position being searched. The position of the boundary was calculated every 1:0 Â 10 4 time steps (10 ps) and located with a resolution of 0.1 Å . Mobility was assumed to be linearly related to the driving pressure such that pM ¼ v. The error reported for the mobility in this study originates from the variation in the measured velocity. Error bars and reported values show the first standard deviation of the mobility from the mean.
The technique employed for this study was compared with the mobility value reported by Mendelev et al. [20] , who compared the results of an adapted interface random-walk (AIRWalk) and a strain driven approach to an asymmetric R7h0 1 0i boundary formed by one grain's ð1 0 7Þ plane and the other's ð1 0 1Þ plane. Mendelev 
Results and discussion
A description of the structure and temperature-dependent behavior of the grain boundaries analyzed in this study are provided in Table 1 . The boundaries identified in Table 1 fall into three major categories including: (A) thermally activated, (B) antithermal, and (C) thermally activated with roughening. 1 The boundaries themselves are the same ones chosen by Homer et al. [12] , each as a representative of the three types of motion identified in Table 1 . Each boundary's temperature-dependent motion mechanism will be explored and characteristics of the temperaturedependent behavior will be discussed. Figure 1 plots the temperature-dependent mobility of representative examples of the three classes of grain boundary mobility explored herein. One interesting feature (previously noted by Homer et al. [12] ) concerns the possible convergence of the mobilities for all motion mechanisms as the melting temperature is approached. Note that the interatomic potential's melting point is 1565 K [8] . It is hypothesized that the convergence of mobility is related to melting, when longrange atomic structure is lost. Visualization of the deformation mechanisms of the grain boundaries are achieved using the continuum metrics developed by Zimmerman et al. [55] and Tucker et al. [45, 46] . In most figures, the color of each atom is defined by the magnitude of the slipvector s a [55] . The slip-vector measures the relative displacement of the neighbors of the central atom. It may be used quantify dislocation motion as the slipvector corresponds to the Burgers vector between atoms in two adjacent atomic planes. It measures the deformation between an atom and it neighbors, but is additive and, like the Burgers vector, contains the deformation history of the atom. This means that an atom that has been displaced by a dislocation will have a non-zero value, even if the surrounding environment returns to that of a perfect FCC lattice. This is useful in analyzing how deformation has moved through a region and clearly identifies the atoms whose local environment has been modified. In figures displaying slip-vector, the magnitude increases from 0 to 2.5 Å as the colors continuously change from blue, cyan, green, yellow, to red. Figures containing atoms colored by slip-vector highlight the region of atoms deformed by the motion of the grain boundary up to the time at which the image was made. By coloring the atoms that slip, the slipvector illustrates not only that atoms have slipped but may also be used to understand the direction of dislocation motion. Consequently, the variation in the width of the slipped region is due to both the time elapsed and the velocity of the boundary. For the examination of the mechanisms, the distance the boundary has propagated is unimportant. The slipvector contrasts with the CentroSymmetry Parameter (CSP) [18] , which quantifies the deviation of the local environment from a centrosymmetric one (i.e., a perfect FCC crystal). The coloring scheme is the same as the slip-vector, except the values range from 0 to 9.5. The CSP only takes a non-zero value if the atom's local environment is not centrosymmetric. Thus the difference between slip-vector and CSP is that the slip-vector retains the history of the deformation with respect to the reference state, while CSP only provides information on the atom's current state.
To complement the slip-vector and CSP analysis, the microrotation vector (/) is employed [45, 46] . The coloring scheme is the same as for the slip-vector, but the magnitude varies from 0 to 0.08. In figures illustrating the slip-vector, microrotation, CSP, or CNA, the images are generated from a minimized atomic configuration to eliminate spurious fluctuations due to thermal motion. All images are generated using the Ovito visualization software [38] . In this analysis, all motion mechanisms are analyzed at no more than 1000 K because of the increasing difficulty in interpreting the motion due to thermal fluctuations that cause increasingly rapid and more substantial changes in color.
The continuum metrics serve as useful starting points to understand boundary motion. However, the structure itself is three-dimensional and the motion mechanism may not always be seen at the surface. Often, motion is confined to a single atomic layer or to within a few atomic layers from a plane. Consequently, most visualizations of the grain boundary motion mechanism in this work shows only a relevant slice through the material, often one to three planes thick, and typically along a close-packed plane. All grain boundaries are generated so as to be normal to the x (longest) direction and oriented so that the grain boundary moves left to right along the page. The choice of plane for visualization is typically inclined from the motion direction and boundary plane. An animation is provided in the Online Resource 1 that shows three different perspectives on the boundary motion to aid in understanding what the still images in the manuscript are meant to illustrate by providing a view of the entire system.
Thermally activated motion
Initially described as being thermally activated with a single activation energy over the entire temperature range, boundary C exhibits a roughening transition at temperatures between 300 and 400 K, outside the temperature range explored by Homer et al. [12] . In addition, careful examination of the high temperature behavior, plotted in Fig. 1 , shows that there is a deviation from true Arrhenius behavior. However, the initial assessment of Homer declaring the boundary to behave in an Arrhenius manner remains a good approximation in the high temperature regime originally considered. Careful examination of the atomic motion mechanism, illustrated in Fig. 2 , provides evidence that the mechanism by which the boundary propagates is independent of temperature. Although the arrangement of the slip-vector magnitude present at (b) 800 K is not as clearly visible at (c) 1000 K due to increased thermal noise, there is no indication of a qualitative difference in the arrangement of slipped atoms between the transformed regions.
A detailed look at the mechanism of motion in Fig. 3 shows a complicated in-plane shuffle along with out-of-plane motion reminiscent of dislocation 'climb' insofar is it involves diffusive motion. The boundary begins in a state (a) where`-ˆare already in the left-hand grain. In (b), À undergoes in-plane The orientation of the crystal is specified by listing the planes forming the boundary of left and right crystal. The description of the boundary is taken from Ref. [12] . Plane indices are given in units of half of the lattice constant shuffling into the left-hand grain. In (c),˜shuffles inplane to join the left-hand grain, while atomū ndergoes diffusive motion up (out-of-the plane) in the right-hand grain. Atom˘then moves from the right-hand grain (c) to take position in the left-hand grain (d) by shuffling. As this boundary has both tilt and twist character, it is not readily discerned how to describe the structure or motion in the usual manner of kites or structural units. For example, Fig. 3b could be interpreted to contain a kite made of atoms À-¯, except that the kite is not planar.
Boundary A was described by Homer et al. [12] , as being thermally activated and having two activation energy regimes with a transition at approximately 800 K (see Fig. 1 ). More densely sampling the temperature range of the mobility plot makes this observation less pronounced and indicates a gradual transition from concave to nearly linear Arrhenius kinetics. By inspecting the slip-vector magnitude of the atoms at 600, 800, and 1000 K illustrated in Fig. 4 , it is clearly seen that the arrangement of highly slipped atoms does not change above or below the hypothetical transition temperature of 800 K. Inspecting the final displacement vectors of the atoms in the grain boundary (not shown) also does not indicate that the motion mechanism has changed in that the vectors appear to be very similar at high and low temperatures.
The motion mechanism of boundary A, diagrammed in Fig. 5 , is complex and involves multiple steps including in-plane shuffling and out-of-plane diffusive motion of atoms. In transitioning from (a) to (b) À moves into the page and makes room for˘to move down into the plane and results in a slight translation of`. In (c), À and˜both move into the plane to join the left-hand grain while making room for`and˘to shuffle in-plane into position in the left-hand grain.
The structure of boundaries A and C are both complex and it is not apparent how kites or structural units could be applied to characterize the structure of these boundaries. In the same vein, the demonstration of complex motion mechanisms illustrates why it A B C Figure 1 The Arrhenius plot compares the mobility of the boundaries examined herein. The ordinate is scaled by the inverse of temperature and the abscissa is plotted with a logarithmic scale. The mobilities of boundaries A (circles), B (diamonds), and C (squares), are plotted. Figure 2 Roughening behavior is exhibited by boundary C shown at a 300, b 800, and c 1000 K, colored by slip-vector magnitude. Note that the boundary becomes mobile at a transition temperature located between 300 and 400 K. Note that the slip-vector analysis does not indicate a qualitative difference between the mechanisms of motion at temperatures above the roughening transition. In these views, a close-packed plane of the growing crystal is aligned normal to the view direction with the growth direction proceeding toward the left-hand end of the simulation box. Each figure was generated from a minimized atomic configuration to eliminate spurious thermal fluctuations. Direction indices are given in units of half of the lattice constant. Figure 3 Motion mechanism of boundary C shown at 800 K. The atoms are colored by CNA, where the green or white color indicates that atoms are in either an FCC or unclassifiable lattice structure, respectively. Direction indices are given in units of half of the lattice constant. Figure 4 No evidence for a change in motion mechanism in grain boundary A is provided by inspection of the slip-vector analysis at a 600, b 800, and c 1000 K. Observe that, at each temperature, the arrangement of highly slipped (orange colored) atoms is unchanged. Direction indices are given in units of half of the lattice constant.
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(a) (b) (c) (d)
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(a) (b) (c) Figure 5 The multi-step motion mechanism of grain boundary A is illustrated in ac. The initial state of the grain boundary is shown in a.
Transitioning from a to b, À moves into the page and makes room for˘to move down into the plane and results in a slight translation of`. In (c), À and˜both move into the plane to join the left-hand grain while making room for and˘to shuffle in-plane into position in the left-hand grain.
is difficult to characterize the boundary mobility in terms of linear Arrhenius plots. To this end, nudgedelastic band calculations were conducted with the expectation that a certain diffusive jump or shuffle could be identified with the energy barrier measured from the slope of the Arrhenius plot. However, the effort proved fruitless, as the multi-step nature of the motion mechanism and the combination of shuffling and diffusive motion events provided no single barrier matching the one expected from the slope of the Arrhenius plot, even when the plot was very nearly linear. Direct inspection of the motion mechanism and efforts to examine the energy changes in the individual atoms involved in the motion clearly illustrate the challenges of identifying the source of a reaction barrier. The mobility versus temperature plot alone is not enough to elucidate the underlying motion mechanism.
Non-thermally activated motion
Non-thermally activated motion is characterized by mobility that either decreases or remains constant with increasing temperature. In this work, non-thermally activated motion encompasses the categories of antithermal and thermally damped motion identified by Homer et al. [12] . The antithermal motion category consists of boundaries where mobility decreases with increasing temperature on an Arrhenius plot, whereas the thermally damped category includes boundaries with mobilities that decrease linearly with a slope of À1 on an Arrhenius plot. Although many of these boundaries possess a R3 or R7 orientation (e.g., B), Homer et al. found non-thermal boundary mobility for a range of CSL values and inclination, and this behavior occurs with and without shear-coupled motion.
Detailed examination of antithermal motion
The fast antithermal motion of boundary B is but one example of the larger category of temperature-dependent boundary motion which Homer et al. [12] , deemed non-thermally activated motion. Examination of the mobility versus temperature plot for B over a large temperature range in Fig. 1 shows that the antithermal behavior occurs only at temperatures above 800 K. In this region, the mobility can be described as a convex Arrhenius plot. For temperatures below 800 K, the mobility is roughly constant. There is no indication from the slip-vector analysis that the boundary motion mechanism is qualitatively different in the constant mobility region (Fig. 6a) at 500 K, or the antithermal region (Fig. 6b) at 1300 K. This boundary has a much higher mobility compared to other boundaries considered in this study throughout the temperature range investigated.
The motion mechanism will be investigated to see what may be learned about the origin of the high mobility in terms of the motion of atoms in boundary B. One feature of the motion of this boundary, unique amongst the boundaries so far studied, is the orderly manner of propagation via the motion of dislocations as illustrated in Fig. 7 . The sequence of images (a-c) shows that the steps, which propagate in the direction indicated by arrows, advance the boundary toward the right-hand end. Figure 8 provides an alternative view of the step motion and serves to (b) (a) Figure 6 Antithermal behavior is exhibited by boundary B shown at a 500 and b 1300 K, colored by slip-vector magnitude. Note that the slip-vector analysis does not indicate a qualitative difference between the mechanisms of motion in transition. In these views, a close-packed plane of the growing crystal is shown with the growth proceeding toward the right-hand end of the simulation box.
illustrate that the steps occur in the ð1 1 1Þ plane. The red-dotted line marks the same plane in each panel. Figure 8b illustrates that the steps nucleate and grow along h1 1 0i directions in the lattice. The regularity and existence of multiple small steps is due to each panel showing more than one periodic image of the boundary.
Another interesting feature of the motion is most clearly seen when the atoms are colored by slip-vector magnitude as in Fig. 6 , which illustrates that arrays of atoms experience no net local slip in both lattices. These atoms are colored dark blue and form a regular array in the slipped region and are present at both temperatures. As the slip-vector indicates only the local rearrangement of the neighbors, their values at or very near to zero indicate that the atoms' local environment returns to its initial state.
However, the slip-vector does not inform us about their displacement history. Careful inspection of the motion shows that the atoms displace only very small (sub-Å ngstrom) distances from their initial positions. An explanation for the presence of immobile atoms is that the atoms lie on CSL sites (sites common to both lattices), which is the case. However, all other boundaries studied contain atoms occupying CSL sites, but the atoms occupying those sites have a nonzero slip-vector. This observation provides a unique feature around which to develop an understanding of the high mobility of this boundary.
The microrotation metric provides a closer examination of the shuffling of atoms about the immobile atoms during boundary motion. The value of the microrotation metric is much larger for these atoms than any other atoms in the system as indicated by (a) (b) (c) Figure 7 The propagation of boundary B is shown at 500 K, colored by the centrosymmetry parameter. The growing crystal is shown with the growth proceeding towards the right-hand end of the simulation box via the propagation of step-like dislocations, the direction of which are indicated by arrows.
(a) (b) (c) Figure 8 The propagation of boundary B is shown at 500 K, colored by the centrosymmetry parameter. The red-dotted line indicates the position of the same atoms in each frame. The frames show the boundary before propagation of the dislocation (a), upon propagation of the step-like dislocation (b), and after the dislocation has propagated (c) across the entire periodic box. More than one periodic image of the boundary is shown in each frame.
the dark-red color in Fig. 9 . The metric specifies the rotation of the local atomic neighborhood about an atomic site. The meaning of rotation about the fixed atoms (those with zero net slip-vector) is illustrated via the sequence of images in Fig. 9 in which atoms are colored by the magnitude of the microrotation vector. A fixed atom is denoted in (a) with a star and the nearest neighbors are surrounded by a hexagon which will illustrate the rotation that occurs in the lattice as a result of boundary motion. As the boundary propagates downward (reducing the number of unrotated, dark blue, atoms), the magnitude of the microrotation increases in (b) and reaches a maximum of 0.072 in frame (c) before decreasing to 0.068 in frame (d) as the boundary front passes the fixed atom used as a reference. The counter-clockwise rotation of the hexagon clearly shows that the neighboring atoms have indeed rotated about the fixed atom. This view of the boundary also shows the dislocations observed in Figs. 7 and 8, although not as clearly since the atoms are colored to emphasize rotation, not displacement. The step-like dislocations propagate from left to right across each frame and their passing shuffles the atoms in a way that causes the rotation observed. In essence, the motion of boundary B is characterized by localized rotation about fixed atoms that is driven by the motion of dislocations normal to the direction of motion of the boundary. All atomic shuffling occurs on the close-packed plane common to both lattices. Such a mechanism involving in-plane shuffling undoubtedly has a very low activation energy and permits rapid motion of the boundary as observed.
Mechanisms of non-thermally activated motion
Homer et al. [12] found non-thermally activated boundary mobility for a range of CSL values and inclination, and this behavior occurs with and without shear-coupled motion. As a result, the boundaries of this type at not likely to share any structural features that provide a straightforward link between all boundaries which undergo non-thermal motion, nor is it likely that the motion mechanism of B is representative of the larger group. To achieve the high speeds and temperature insensitivity or inverse temperature sensitivity, it requires a motion mechanism with a low activation energy. In the case of the non-thermal boundary motion occurring in R3 and R7 orientations, atomic shuffling in the ð1 1 1Þ plane common to both crystals is a good candidate mechanism as it was observed in B. But how general is the mechanism used by boundary B? Take, for comparison, a R3 ð6 2 2Þ=ð6 2 2Þ boundary. This boundary possesses an even higher mobility than B and its motion mechanism also utilizes a closepacked plane common to both lattices on which atomic shuffling occurs. Despite these similarities, there is a distinct absence of fixed atoms as illustrated by Fig. 10a which shows that all of the atoms have non-zero slip-vectors and are thus displaced from their initial positions while remaining in the same plane. Also, in contrast to the motion mechanism of B, the shuffling of atoms does not occur about localized rotation centers. The absence of rotation centers is apparent from the microrotation colored common close-packed plane within the boundary as presented in Fig. 10b . With a single counter example, it is (a) (b) (c) (e) (d) Figure 9 Antithermal behavior is exhibited by boundary B shown at 500 K, colored by microrotation magnitude. In these views, a close-packed plane common to both grains is shown with the growth proceeding toward the bottom of the simulation box. The hexagon is added to illustrate the degree of rotation and deviation from the equilibrium hexagonal arrangement present during the rotation.
demonstrated that the complete motion mechanism of B is not representative of all non-thermally activated boundaries. Despite the differences in the motion mechanism, the most important common feature is that atoms do not move between planes and only shuffle within the ð1 1 1Þ plane common to both lattices. This displacive mechanism is referred to as a martensitic or military transformation [5] . However, having the ð1 1 1Þ plane in common is not a prerequisite for non-thermal boundary motion as other boundaries also exhibit non-thermally activated motion and have comparably high mobilities. In fact, only boundaries with R3 and R7 orientation contain that plane in common. However, not all boundaries with a common ð1 1 1Þ plane exhibit non-thermally activated motion. For example, a modeling study of a R7h1 1 1i boundary conducted by Ulomek and Mohles [47] also exhibited a rotational shuffle about CSL sites. However, despite the common ð1 1 1Þ plane and the presence of rotation centers, the boundary was found to undergo thermally activated motion.
An example of an antithermal boundary without a common ð1 1 1Þ plane is the boundary R87 ð11 7 2Þ=ð11 7 2Þ which incidentally undergoes shearcoupled boundary motion. Despite the structural differences, a key feature of the motion mechanism that is common with the R3 ð6 2 2Þ=ð6 2 2Þ boundary and B is that the atomic shuffling is confined to a single close-packed plane. In the case of boundary R87 ð11 7 2Þ=ð11 7 2Þ, the close-packed plane is not common to both lattices; rather it is misoriented such that the two plane normals are coplanar which is illustrated in Fig. 11 .
The R9 ð8 5 1Þ=ð8 5 1Þ boundary further increases the variety of boundary motion mechanisms exhibited by non-thermally activated boundaries. Similar to the case of boundary B, the motion mechanism relies on the rotation of atoms about a center (see Fig. 12a ). However, the atom at the rotation center is not fixed; more importantly, the rotation is not contained in a single plane. Atoms must travel out-ofplane to change the orientation of the planes as illustrated in Fig. 12b . Figure 13a shows the initial configuration of a slice of the right-hand grain before the boundary passes through. A reference atom is marked with a white star and a plane of atoms is indicated with arrows. As the boundary moves (a) (b) Figure 10 Antithermal behavior is exhibited by the R3 ð6 2 2Þ=ð6 2 2Þ boundary shown at 500 K, colored by slip-vector magnitude. In this view, a close-packed plane common to both grains is shown with the growth proceeding toward the right of the simulation box. In contrast to the boundary illustrated in Fig. 6 , the boundary (a) does not contain atoms that remain in the same position before and after the boundary propagates despite having even higher mobility than B. In boundary B atomic shuffling is accomplished by rotation about atoms occupying the CSL sites, in (b) all atoms rotate nearly equally. nearer to the reference atom in (b), the smoothly varying depression of the column of atoms containing the marked atom is observed. At the same time, to accommodate the atoms, the column of atoms indicated by arrows moves normal to the direction in which the marked atom is moving. In (c), the marked atom has moved into the position it holds in the growing left-hand grain. This mechanism is contrasted with that of boundaries A and C, as illustrated in Figs. 3 and 5. Notice that there are no diffusive jumps of individual atoms such as those undergone by À in Fig. 5 or¯in Fig. 3 which would entail a larger activation energy barrier. Within the general category of non-thermally activated motion, examples have been provided to demonstrate some of the multiple motion mechanisms that permit high speed motion. The mechanisms examined are listed in Table 2 , which includes the boundaries explicitly discussed in this section along with additional examples from the Olmsted et al. database. To be able to predict which boundaries undergo non-thermally activated motion, it is necessary to generalize the conditions for this motion from relatively few examples. The presence of common and misoriented close-packed planes is straightforward to predict from crystallographic information about the boundary. However, as already mentioned, not all boundaries meeting these conditions undergo non-thermally activated motion, e.g., a coherent twin. A recent analysis of the mobilities of R3 boundaries illustrates the wide range of mobility behavior possible [13] . A specific example is the R3 ð4 4 2Þ=ð2 0 0Þ boundary (#18, not illustrated), which is inclined in such a way as to result in the formation of facets, some of which are coherent twins. The coherent twin segments have very low mobility, or none at all if the driving force acts normal to the boundary. Despite the presence of out-ofplane motion in some boundaries, non-thermally activated behavior may still occur. The example of the R9 ð8 5 1Þ=ð8 5 1Þ boundary is provided to illustrate this phenomena. However, the out-of-plane component of the motion occurs in a coordinated (a) (b) Figure 12 Antithermal behavior is exhibited by the R9 ð8 5 1Þ=ð8 5 1Þ boundary shown at 500 K, colored by microrotation magnitude. The projection of a contains two atomic planes. This projection indicates the presence of atoms that serve as rotation centers (dark red) similar to the case of B. The view in b is intended to illustrate how the two planes intersect at the boundary. Unlike the case of B, the motion mechanism is not confined to a single plane. The various features such as motion confined to a common closepacked plane, confined to a close-packed plane misoriented between the grains, and exhibiting out-of-plane motion. The orientation of the crystal is specified by listing the planes forming the boundary of left and right crystal. The publication identification number refers to that used in the supplemental material of Ref. [27] . The presence of shear-coupled (SC) motion was reported in Ref. [12] . Plane indices are given in units of half of the lattice constant manner with surrounding atoms as illustrated in Fig. 13 , greatly reducing the activation energy barrier that is encountered with out-of-plane motion occurring in the thermally activated boundaries.
Summary of non-thermally activated motion
Establishing a general rule predicting which boundaries undergo non-thermally activated motion is challenging due to the range of misorientations and inclinations of boundaries that behave in this manner. The existence of boundaries undergoing out-ofplane motion suggests that ultimately the distinction between acting in a thermally activated or non-thermally activated manner may be a matter of degree rather than a distinct change in mechanism. It should be considered that the non-thermally activated motion itself is an illusion; one that exists only for sufficiently elevated temperatures. Another possible factor that may generate such a motion mechanism is the presence of large driving pressures. Although Homer's investigation examined a range of driving pressures, it showed little effect on boundary mobility for non-thermally activated boundaries. Nonetheless, these pressures tend to be larger than those encountered in experiments. If driving forces are made more representative of experimental conditions, will this also cause the boundaries to stop behaving in a non-thermally activated manner? Despite the lingering uncertainty, there is corroborating evidence and precedent in the literature for the hypothesis that high mobility boundaries are related to AGG (Abnormal Grain Growth), or at least accelerated grain growth. Although other circumstances can lead to AGG, models have demonstrated [11, 33] that high mobility boundaries play a role in affecting AGG. Examples of stress driven grain growth at cryogenic temperatures [54] illustrate that grain boundaries can move at high speed, even in the absence of thermal effects, which should accelerate diffusion. The existence of fast boundary motion at cryogenic temperatures further supports the notion that non-thermally activated motion can contribute to AGG. Literature also exists that supports a conclusion of this work that fast boundary motion is likely generated by a coordinated shuffle [33] , which would either not require thermally assisted diffusive motion to proceed, or significantly lower the barrier of such motion [34] . Experimental observations of boundaries moving by the coordinated shuffle mechanism are observed to be very fast [2] and may entail short-range shuffling of atoms at propagating step-like grain boundary dislocations, similar to those seen in boundary B and in the boundary (also containing tilt and twist components) examined in Ref. [21] . Shear coupling, also implicated in fast boundary motion in stress driven grain growth [33] , may occur but does not need to be present for a boundary to undergo non-thermally activated motion. Although this work does not conclusively prove a relationship between non-thermally activated motion and AGG, it does suggest that more attention should be paid to role of high mobility and non-thermally activated boundary motion in such circumstances.
Conclusions
The most important result of this study is the importance of not relying exclusively on the shape of the mobility versus temperature curve to infer atomic (a) (b) (c) Figure 13 The motion mechanism of the R9 ð8 5 1Þ=ð8 5 1Þ boundary is shown at 500 K, colored by slip-vector magnitude. Before the boundary passes through (a) a reference atom is marked with a white star. As the boundary moves nearer to the reference atom in b the smooth depression of the column of atoms containing the marked atom is observed. In c the marked atom has been depressed into the lower plane, indicated with arrows. This figure clearly illustrates the coordinated motion of atoms that serve to gradually shift atoms into a different plane with a low energy barrier. motion mechanisms. Boundary A, purported to undergo a change in motion mechanism at elevated temperatures due to fitting the mobility with two activation energies, propagated via a complex multistep process which provides ample evidence that single activation barrier Arrhenius kinetics are a significant simplification [4] . Nonetheless, as was observed with the statically roughened boundary (C) above the roughening temperature, modeling the kinetics using a single barrier Arrhenius model can serve as a useful approximation in many cases. What is apparent is that trying to understand the atomic motion mechanism by interpreting temperature-dependent mobility with an activation energy barrier derived using an Arrhenius relationship is futile. This is true even if taken to be driving force dependent and allowing the pre-exponential factor to change (compensation effect).
Detailed examination of the atomic motion mechanism provided important insights into the anomalously high mobility of the antithermal boundary (B). The boundary has an ordered array of atoms located on CSL sites that remain stationary as the boundary propagates. These sites act as rotation centers for coordinated in-plane shuffling of atoms within a common close-packed plane. However, comparison with the motion mechanisms of other non-thermally activated boundaries indicated that this mechanism is not representative. Within the boundaries categorized by Homer et al. [12] , it is found that a variety of boundaries exhibit non-thermally activated motion across a range of misorientation and independent of shear-coupled boundary motion. Consequently, these boundaries do not all exhibit common close-packed planes. However, many cases of non-thermally activated motion exhibited in-plane shuffling of atoms in a close-packed plane. Although the close-packed shuffling plane may not be common to the two grains (with the exception of R3 and R7 misorientations), it is usually only slightly misoriented. However, nonthermally activated motion is not restricted to motion mechanisms that operate in a single plane. Even if motion is not restricted to a single plane, the mechanism is qualitatively different from that encountered in thermally activated boundaries; the mechanism is based on the coordinated motion of many atoms, often involving rotation around a common center. Such motion has precedent in the experimental [2] and modeling literature [34] for fast boundary motion. The existence of out-of-plane coordinated motion may make it difficult to establish a universal rule governing whether or not a boundary moves in a non-thermally activated manner. It is proposed that no single atomic motion mechanism or crystallographic peculiarity is able to explain non-thermally activated grain boundary motion.
